PERMANENT MAGNET MOTOR 
BACKGROUND OF THE INVENTION 

Field of the Invention 

The present invention relates to a permanent magnet 
motor equipped with a rotor consisting of a plurality of 
permanent magnets buried in a rotor core. 

Related Art 

There is disclosed a permanent magnet motor whose 
demagnetization resistance and efficiency has been Improved by 
burying permanent magnets in a rotor core (see, for example, 
Japanese Patent Laid-Open No. 11-187597). Figure 11 is a 
side view showing an end of a rotor of the permanent magnet 
motor as viewed along the insertion direction of a rotating shaft 
of the rotor before the rotating shaft is inserted. In Figure 11, 
a rotor 2 consists of a rotor core 2a and rotating shaft (not 
shown), where the rotor core 2a is a generally pillar-shaped 
stack of steel plates cylindrical in outline. Near its outer 
circumference, the rotor core 2a has permanent-magnet-holding 
slots 5 corresponding to sides of an approximately regular 
octagon and each of the permanent-magnet-holding slots 5 
contains a permanent magnet 4. The permanent magnets 4 
are arranged in such a way that the S pole and N pole alternate 
with each other. A plurality of radially elongated slits 6 are 
arranged apart from each other along each of the 
permanent-magnet-holding slots 5 on an outer core 3 outside 
the permanent-magnet-holding slots 5. A rotating-shaft hole 8 
is provided in the center of the rotor core 2a to accept the 
rotating shaft. 

With the conventional permanent magnet motor 
described above, the slits 6 in the rotor core 2a are spaced at 
equal intervals to lead in and out magnetic flux of the 
permanent magnets 4 radially as well as to prevent magnetic 
flux (hereinafter referred to as armature reaction flux) 
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generated by stator winding current from being bent along the 
circumference of the outer core 3. 

However, when the plurality of slits 6 are arranged at 
equal intervals, radial magnetic flux distribution in the 
5 permanent magnets 4 has a trapezoidal profile. Consequently, 
geometric positional relationship between stator and rotor 
produces high cogging torque, increasing vibration. 

Also, voltage Induced by stator windings has a 
harmonic-rich distorted waveform, resulting in not only 
10 increased noise, but also increased core loss, which In turn 
results in reduced efficiency. 

Furthermore, If the stator is driven by 3-phase sine wave 
AC current, only a fundamental wave component contribute 
effectively to torque while harmonic components produce torque 
15 ripple which Increases vibration and noise. 

NUMMARY O F THF INVENTION 

In order to solve the above-described problems, an 
object of the present Invention is to provide a highly efficient 

20 permanent magnet motor which can reduce armature reaction 
flux. Improve magnetic flux distribution In an outer core, and 
thereby reduce noise and vibration. 

To achieve the above object, the present invention 
provides a permanent magnet motor set forth In claims 1 to 5. 

25 Claim 1 of the present invention sets forth a permanent 

magnet motor comprising a rotor equipped with a rotor core 
which is a generally pillar-shaped stack of steel plates, 
permanent-magnet-holding slots formed in those parts of the 
rotor core which correspond to sides of an approximately 

30 regular polygon centered on an axis of the rotor core, 
permanent magnets inserted in the respective 
permanent-magnet-holding slots, and a plurality of radially 
elongated slits arranged apart from each other along each of the 
permanent-magnet-holding slots on an outer core outside the 

35 permanent-magnet-holding slots, characterized in that at a 
radially outer end, the slits are spaced approximately equally 
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while at a radially Inner end, spacing between the silts Is 
reduced with Increasing distance from a center of each 
permanent magnet, with the spacing at the center being the 
largest. 

5 Claim 2 of the present Invention sets forth the permanent 

magnet motor according to claim 1, characterized In that if 
sides of the permanent magnets are made to correspond to a 
base of a sine wave, the spacing between the slits at the 
radially Inner end Is proportional to height of the sine wave. 

10 Claim 3 of the present Invention sets forth the permanent 

magnet motor according to claim 2, characterized In that the 
rotor has 2n magnetic poles and a stator has 3n teeth each of 
which has a conductor wound In a concentrated manner, where 
n Is a positive Integer; and sides of the permanent magnets 

15 correspond to the base of the sine wave when contracted toward 
the center. 

Claim 4 of the present Invention sets forth the permanent 
magnet motor according to claim "lT"characterlzed in that core 
width between a radially outer end of the slits and an outer 

20 circumference of the rotor core Is larger at the center of the 
permanent magnets than at both ends. 

Claim 5 of the present Invention sets forth the permanent 
magnet motor according to claim 1, characterized In that core 
width between a radially outer end of the 

25 permanent-magnet-holding slots and a radially Inner end of the 
slits as well as core width between a radially inner end of the 
slits and an outer circumference of the rotor core are 1 to 3 
times thickness of the steel plates. 

The present invention reduces armature reaction flux, 

30 Improves magnetic flux distribution In an outer core, and thus 
provides a highly efficient permanent magnet with reduced 
noise and vibration. 

RRTFF nFf^rRIPTIQN OF THE DRAWINGS 
35 Figure 1 Is a side view showing an end of a rotor of a 

permanent magnet motor according to a first embodiment of 
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the present invention as viewed along the insertion direction of 
a rotating shaft before the rotating shaft is inserted; 

Figure 2 is a side view showing an end of a rotor of a 
permanent magnet motor according to a second embodiment of 
5 the present invention as viewed along the insertion direction of 
a rotating shaft before the rotating shaft is inserted; 

Figure 3 is a partially enlarged view illustrating, in detail, 
spacing at the radially inner end of slits formed in an outer core 
of the rotor core shown in Figure 2; 
10 Figure 4 is a waveform chart used to determine the 

spacing at the radially inner end of the slits formed in the outer 
core of the rotor core shown in Figure 2; 

Figure 5 is a side view showing an end of a rotor and 
stator of a permanent magnet motor according to a third 
15 embodiment of the present invention; 

Figure 6 is a waveform chart used to determine the 
spacing at the radially Inner end of slits formed in an outer core 
of the rotor core shown in Figure 5; 

Figure 7 is a distribution chart of magnetic flux generated 
20 in the rotor core shown in Figure 5; 

Figure 8 is a partially enlarged side view showing an end 
of a rotor of a permanent magnet motor according to a fourth 
embodiment of the present invention as viewed along the 
insertion direction of a rotating shaft; 
25 Figure 9 is an Induced voltage waveform chart illustrating 

operation of the fourth embodiment shown in Figure 8; 

Figure 10 is a diagram showing a drive circuit which 
drives the permanent magnet motor of each embodiment; and 

Figure 11 is a side view showing an end of a rotor of a 
30 permanent magnet motor as viewed along the insertion 
direction of a rotating shaft of the rotor before the rotating 
shaft is inserted. 



DETAILED DESCRIPTION OF THE INVENTION 

35 Hereafter, the present invention will be described more 

specifically with reference to embodiments shown in the 
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drawings. 

Figure 1 is a side view showing an end of a rotor of a 
permanent magnet motor according to a first embodiment of 
the present Invention as viewed along the insertion direction of 
5 a rotating shaft before the rotating shaft Is Inserted. In the 
figure, the same components as the conventional motor in 
Figure 11 are denoted by the same reference numerals as the 
corresponding components In Figure 11, and description thereof 
will be omitted. A rotor 2 consists of a rotor core 2A and a 
10 rotating shaft (not shown), where the rotor core 2A is a 
generally pillar-shaped stack of steel plates cylindrical in 
outline. 

The rotor core 2A has permanent-magnet-holding slots 5 
formed at locations corresponding to sides of an approximately 

15 regular quadrangle near the outer circumference of the rotor 
core 2A. A permanent magnet is buried in each of the 
permanent-magnet-holding slots 5. A plurality of radially 
elongated slits 6, for example, ten slits, are arranged apart from 
each other along each of the permanent-magnet-holding slots 5 

20 on an outer core 3 outside the permanent-magnet-holding slots 
5. A rotating -shaft hole 8 is provided In the center of the rotor 
core 2A to accept a rotating shaft and through-bolt holes 9 are 
provided around the rotating -shaft hole 8. 

According to this embodiment, at the radially outer end, 

25 the slits 6 are spaced approximately equally along the outer 
circumference of the rotor core 2A while at the radially Inner 
end, spacing between the slits Is reduced with increasing 
distance from the center of each permanent magnet 4, with the 
spacing at the center of the permanent magnet 4 being the 

30 largest. 

Since the slits 6 are arranged as described above, 
magnetic flux of the permanent magnets 4 passing through pole 
cores between the slits 6 is approximately proportional to the 
spacing at that end of the slits 6 which is nearer to the 
35 permanent magnets 4. Consequently, distribution of the 
permanent magnets' (4) magnetic flux passing through the 
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outer core 3 is reduced with increasing distance from tiie center 
of eacli permanent magnet 4, witli the spacing at the center of 
the permanent magnet 4 being the largest when viewed in the 
circumferential direction. This increases effective magnetic flux 
5 which contributes to torque generation, produces less harmonic 
magnetic flux and core loss than in the case of trapezoidal 
magnetic flux distribution, and reduces cogging torque which 
causes vibration. 

Thus, the first embodiment reduces armature reaction 

10 flux using the plurality of slits, improves the magnetic flux 
distribution in the outer core, and thereby provides a highly 
efficient permanent magnet with reduced noise and vibration. 

Figure 2 is a side view showing an end of a rotor of a 
permanent magnet motor according to a second embodiment of 

15 the present invention as viewed along the insertion direction of 
a rotating shaft before the rotating shaft is inserted. In the 
figure, the same components as the first embodiment in Figure 
1 are denoted by the same reference numerals as the 
corresponding components In Figure 1, and description thereof 

20 will be omitted. A rotor core 2B has twelve slits 6 arranged 
apart from each other along each of the 
permanent-magnet-holding slots 5. At the radially outer end, 
the slits 6 are spaced approximately equally along the outer 
circumference of the rotor core 2B. At the radially inner end, a 

25 side of each permanent magnet is made to correspond to the 
base of a sine wave and the slits are arranged such that the 
spacing between them will be proportional to the height of the 
sine wave. 

Figure 3 is a partially enlarged view Illustrating, in detail, 
30 spacing at the radially inner end of slits 6 formed in the outer 
core 3 outside the permanent magnet 4 in the rotor core 2B. 
The spacing at the longitudinal center of the permanent magnet 
4 is denoted by PI and spacings P2, P3, ... P6, and P7 are 
determined in such a way that they will be reduced with 
35 Increasing distance from the center. As shown in Figure 4, the 
base of a sine wave (half wave) equal to 180 degrees in 
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electrical angle is brought into correspondence with the length 
W of the permanent magnet 4, the sine wave is divided into 15 
parts along the electrical angle, the height of the center part is 
denoted by PI and the heights of the outer parts are denoted by 

5 P2, P3, ... PS, and P7 in sequence, and the spacings PI to P7 at 
the radially inner end of the slits 6 are determined in such a 
way as to be proportional to the heights PI to P7. Thus, a 
relationship PI > P2 > P3 > P4 > P5 > P6 > P7 holds true. 
Also, the magnetic flux is proportional to the spacings PI to P7, 

10 resulting in a magnetic flux distribution close to the sine wave. 

Thus, the second embodiment reduces armature reaction 
flux using the plurality of slits, further improves the magnetic 
flux distribution in the outer core, and thereby provides a highly 
efficient permanent magnet with reduced noise and vibration. 

15 Figure 5 is a side view showing an end of a rotor and 

stator of a permanent magnet motor according to a third 
embodiment of the present invention. In particular, it employs, 
as the rotor 2, a rotor core 2C similar to the rotor core 2B 
shown in Figure 3. The spacings PI to P7 at the radially inner 

20 end of the slits 6 are determined here assuming that the rotor 2 
has 2n (= 4) magnetic poles while a stator 1 has 3n (= 6) teeth 
each of which has a conductor 7 wound in a concentrated 
manner, where n is a positive integer (2 in this case) and 
assuming that sides of the permanent magnets 4, when 

25 contracted toward the center, correspond to the base of the sine 
wave shown in Figure 4. 

If there Is a relationship of 2n:3n between the number of 
rotor (2) poles and number of stator (1) teeth, angular intervals 
between the poles of the rotor 2 are smaller than angular 

30 intervals between the teeth of the stator 1, and thus the teeth 
in each phase of the stator 1 cannot receive all the magnetic 
flux from one pole of the rotor 2. 

Figure 6 is an explanatory diagram illustrating how to 
solve this problem. The rotor core 2C is configured as follows: 

35 instead of putting the entire length W of the permanent magnet 
4 in correspondence with the base of a sine wave directly, a sine 
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wave with the same area as the sine wave shown in Figure 4 is 
created in a segment obtained by contracting the permanent 
magnet 4 inward by a predetermined length from its opposite 
ends, and spacings PI to P7 at the radially inner end of the slits 
6 are determined in such a way as to be proportional to heights 
PI to P7 obtained by equally dividing the created sine wave. 
Consequently, as shown In Figure 7, compared to the magnetic 
flux distribution according to the second embodiment 
represented by a broken curve P, the magnetic flux distribution 
according to the third embodiment is closer to the sine wave, 
rising sharply and intensifying in the midsection as indicated by 
a solid curve Q. Thus, the third embodiment provides a better 
induced voltage waveform than the second embodiment, and 
further improves the motor efficiency. 

Thus, the third embodiment reduces armature reaction 
flux using the plurality of slits, further improves the magnetic 
flux distribution in the outer core, and thereby provides a highly 
efficient permanent magnet motor with reduced noise and 
vibration. 

Figure 8 is a partially enlarged side view showing an end 
of a rotor of a permanent magnet motor according to a fourth 
embodiment of the present invention as viewed along the 
insertion direction of a rotating shaft. In the figure, the same 
components as in Figure 3 are denoted by the same reference 
numerals as the corresponding components in Figure 3, and 
description thereof will be omitted. In a rotor core 2D, core 
width between the radially outer end of the slits 6 and outer 
circumference of the rotor core 2D is larger (e.g., d2) at the 
center of the permanent magnet than at locations distant from 
the center (e.g., dl). The reason will be explained below. 

If the core width between the radially outer end of the 
slits 6 and the outer circumference of the rotor core were 
uniform, rippling, i.e., pulsation with a small amplitude, might 
occur in the midsection of the induced voltage waveform where 
the magnetic flux is intense, as shown in Figure 9. Maybe this 
is because the core width between the radially outer end of the 



slits 6 and the outer circumference of the rotor core Is too small 
for the intensity of the magnetic flux, resulting in high magnetic 
reluctance. By making the core width between the radially 
outer end of the slits 6 and the outer circumference of the rotor 
5 core 2D larger (d2) near the center of the pole where rippling 
occurs prominently in the magnetic flux distribution than in the 
other part (dl), the rotor core 2D according to this embodiment 
prevents rippling in the induced voltage waveform without 
ruining the effect of magnetic flux distribution control performed 

10 by means of the slits 6. 

Thus, the fourth embodiment reduces armature reaction 
flux using the plurality of slits, further improves the magnetic 
flux distribution in the outer core, and thereby provides a highly 
efficient permanent magnet motor with reduced noise and 

15 vibration. 

Figure 10 shows a drive circuit which drives the 
permanent magnet motor. An alternating current from an AC 
power supply 10 Is converted Into a direct current by a 
converter 11. The DC output is reconverted into an alternating 

20 current of a desired frequency by an inverter 12 capable of 
producing variable-frequency output and the resulting 
alternating current is supplied to a permanent magnet motor 13 
(hereinafter referred to as the motor 13). A position sensor 14 
detects rotor position of the motor 13 based on terminal voltage 

25 of the motor 13 and sends It as a position signal to a controller 
15. Using the position signal, the controller 15 controls the 
inverter 12 in such a way that output frequency of inverter 12 
will be synchronized with rotational frequency of the motor 13. 
Incidentally, the motor 13 Is practically a 3-phase synchronous 

30 motor and the inverter 12 is configured to be a 3-phase bridge 
type accordingly. U, V, and W-phase positive arms are denoted 
by U+, V+, and W+, respectively, while negative arms are 
denoted by U-, V-, and W-. The illustrated circuit configuration 
constitutes a DC commutatorless motor. Incidentally, the 

35 method for detecting the rotor position of a motor based on the 
terminal voltage of the motor Is known as a sensorless method 
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or indirect position detection metliod. 

As is well known, in each phase winding of the motor 13, 
a pair of a positive arm of one phase and a negative arm of 
another phase turn on and the other arms remain off at each 
Instant. As the arm to be turned on is switched among the 
three phases in sequence, a desired 3-phase output is given to 
the motor 13 from the inverter 12. This makes It possible to 
drive the stator by supplying 3-phase sine wave AC current. 

It is desirable to minimize the core width between the 
radially outer end of the permanent-magnet-holding slots 5 and 
radially inner end of the slits 6 as well as the core width 
between the radially outer end of the slits 6 and an outer 
circumference of the rotor core from the viewpoint of preventing 
the magnetic flux from bending along the circumference. On 
the other hand, it Is desirable to provide some allowance when 
blanking the steel plates. To reduce the rippling, appropriately, 
the core widths are 1 to 3 times the thickness of the magnetic 
steel plate. 

Although in the above embodiments, permanent magnets 
are buried in those parts of the rotor core which correspond to 
the sides of a regular quadrangle centered on the axis of the 
rotor core, the present invention is not limited to this. The 
present invention is applicable to almost any permanent magnet 
motor whose rotor consists of permanent magnets buried in 
those parts of the rotor core which correspond to the sides of an 
approximately regular polygon centered on the axis of the rotor 
core. 

Furthermore, although in the above embodiments, ten to 
twelve slits 6 are formed in the outer core 3, the present 
invention is applicable to any permanent magnet motor which 
has four or more slits 6, considering that slits are arranged in 
relation to a sine wave. 



